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DEVELOPING AFM TECHNIQUES FOR TESTING PEG HYDROGELS
H. Cebull1, J. Stukel1, R.K. Willits1
(1) Biomedical Engineering Department, University of Akron
Akron, OH, USA

1. INTRODUCTION
Poly(ethylene glycol) (PEG) hydrogels,
provide a broad range of applications in tissue
engineering primarily because their mechanical
properties can be highly tuned to resemble that
of natural tissue [4,14]. Of the mechanical
properties, the elastic modulus of hydrogels
directly impacts cellular behavior including
proliferation and morphology [15]. It is critical
to fully characterize this property not only on
the bulk scale, but at the micro and nanoscales
because the measurement scale is in the order
of cell interaction [17]. Nanoindentation is a
useful tool for mechanical property and
topography characterization because it offers
non-destructive methods using extremely light
loads and small displacements to the surface of
the sample [9]. Using nanoindentation to
acquire mechanical properties for soft materials
can pose significant challenges because there is
not a well-adapted method for fragile materials
[5]. Thus, there is need for developing
nanoindentation strategies for imaging soft
materials, particularly hydrogels [3,9].
This study demonstrated the feasibility
of using atomic force microscopy (AFM) to
characterize PEG hydrogels, which could be
easily translated to other soft materials. In many
previous studies, AFM nanoindentation has
been used to determine elastic moduli of
hydrogels through a minimal amount of testing
points [4,17]. However, developing a method
which spatially maps the elastic moduli to
represent the surface would further ensure the
consistency of the hydrogel throughout [13].
This study combined high resolution imaging
of PEG hydrogel topography with elastic
moduli maps based on force-displacement
curves to create a novel technique for the
characterization of soft materials. Varying
concentrations of PEG-DA, previously

verified, were used to fabricate the hydrogels
and the results were statistically compared to
rheological testing conducted in our lab [14].
This comparison was used to support the
accuracy and feasibility of the nanoindentation
technique developed.
2. METHODS
2.1 Fabrication of PEG hydrogels
PEG hydrogels (n=3) were made with
varying concentrations of PEG-DA (4, 5, 7, 9%
w/v), 0.5% Irgacure 2959, and PBS based on a
process reported previously [14]. The solution
was vortexed for 30 seconds to obtain a wellmixed solution, then pipetted into silicone
molds between two glass plates for an even
surface. Following crosslinking under UV light
(30-60 min), clear, uniform, and circular PEG
samples were obtained reproducibly and
submerged in a PBS solution until the testing
occurred.
2.2 AFM-nanoindentation
The AFM Novascan, ESPM 3D was
used in this study. For all testing and imaging
conducted, the DNP-S probe (Bruker Nano
Inc.), which is designed for soft materials, was
chosen. Cantilever “B” was utilized throughout,
with a pyramidal tip, 0.12 N m-1 spring
constant, and 16-28 kHz resonant frequency,
based on specifications provided by the
manufacturer. This resonant frequency was
verified on the Novascan software before
testing.
As mentioned previously, there are
challenges associated with testing soft
materials; one specific difficulty is testing
under liquid [6]. Therefore, this study designed
a method of approach that mitigated some of the
issues with the liquid approach. Each PEG
hydrogel sample was tested on a glass coverslip

Page 1 of 5

submerged under deionized water. Before
submersion, the AFM performed a dry
approach as it reduced the error of liquid
interaction with the laser signal and detection
before reaching the hydrogel surface. The
hydrogel was then submerged and the tip was
re-engaged to the surface. This method ensured
that the tip was properly engaged because of the
dry approach successfully bringing the tip close
to the surface.
2.3 Imaging and determining elastic moduli
Hydrogel surfaces were imaged in noncontact mode to produce the highest quality
topographies and prevent damage and
movement of the sample and the tip [3,6]. The
nanoindentation test is illustrated in Fig 1. The
tip begins away from the surface of the
hydrogel, then it is pressed into the surface with
a recorded cantilever deflection. This response
along with the force used are measured through
the analysis of the loading and unloading curves
generated, to be used for measuring mechanical
properties and creating topography images [7].

Figure 1. Tip and cantilever schematic: indentation of a
hydrogel by a pyramidal DNP probe.

The elastic moduli mapping was
conducted in contact mode over a
~1000x1000µm area in 500µm intervals (9
locations) on each hydrogel. Each location was
tested three times and averaged to reduce error.
The tip was withdrawn between each location
and moved using x and y positioning knobs. A
small map, 20x20µm area in 5µm intervals (25
locations) was also created on one PEG
hydrogel for comparison of localized stiffness.

This was a precise location, using the software
to control the tip location. Before conducting
the force curves, the probe sensitivity was
measured on each hydrogel. For calculating the
elastic modulus of each test, the Sneddon
mechanical model was used based on the
pyramidal tip. This tip is more appropriate for
flat surfaces like the samples used in this work
[8]. However, since the pyramidal shape does
not have a specific half cone angle, the probe
manufacturer suggested using an angle two
degrees less than the average of all other angles
yielding 17°. Because the hydrogel obeys
rubber elasticity, the Poisson’s ratio was
assumed to be 0.5 [1]. Based on these variables
and inputs, the elastic moduli were determined
by measuring the linear portion of the loadversus-displacement graphs. The relationship
between the loading force F and the indentation
d is modeled in the given Sneddon equation
using the half cone angle a and the assumed
Poisson’s ratio v:
𝐹=

2
𝜋

𝐸
𝛿 * tan 𝛼
(1 − 𝑣 * )

(1)

2.4 Statistical analysis
The mean elastic modulus of a PEG
hydrogel was determined from its force
mapping values. Data from each group were
expressed as the mean ± one standard deviation.
The means were analyzed by two-way ANOVA
test between AFM and oscillatory shear
rheometry methods. The rheometer results were
converted from shear to elastic modulus under
the assumption that the hydrogels are
approximately isotropic [16]. Tukey’s HSD test
then further compared 4, 5, 7, and 9% PEG
hydrogels individually. A p-value <0.05 was
considered statistically significant. In addition,
the variance between hydrogel fabrication was
tested by mapping and averaging the elastic
moduli of three 5% PEG hydrogels. They were
analyzed for significant differences using a onesample t test, comparing the values to the mean
calculated from the rheological data.
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3. RESULTS
3.1 AFM imaging
The imaging conducted on the hydrogel
samples was used to observe the topography
variations. This imaging obtained revealed a
uniform and flat surface with a roughness of
approximately ± 494nm. Fig 2 shows a 20µm
scan of a 5% PEG hydrogel with the topography
variations ranging from 0 to 500nm. This highresolution
imaging
provides
further
information about the type of cellular
environment hydrogels create.

The variation of hydrogel fabrication,
calculated using a one-sample t test comparing
the mean of each 5% PEG hydrogel elastic
modulus to the mean elastic modulus provided
from rheological data, is shown in Fig 4.
Significant differences were found in two of the
hydrogel fabrications, most likely due to human
error. Though these significant differences
were noted, the overall mean shown in Fig 3
still aligns with the rheological data.
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3.2 Statistical analysis and verification
Identical elastic moduli procedures were
performed for each 4, 5, 7, and 9% hydrogels
with respective average stiffnesses of with
respective average stiffness of 1.89 ± 0.17 kPa,
4.76 ± 2.32 kPa, 14.80 ± 0.47 kPa, and 40.86 ±
5.23 kPa. These values were compared to the
rheological data previously collected shown in
Fig 3. The two-way ANOVA found significant
differences between the hydrogels of varying
PEG amounts, demonstrating the increasing
elastic moduli as the amount of PEG increases.
However, no significant differences were
discovered between rheological and atomic
force microscopy methods, which yielded a pvalue of 0.58. In addition, the Tukey HSD tests
showed no significant differences between
methods for each individual PEG amount.

9

Figure 3. Mean ± standard deviation comparison
between rheological and AFM results.
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Figure 2. AFM scan of 20µm area of 5% PEG hydrogel
sample.
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Figure 4. Elastic moduli of 5% PEG hydrogels. Data are
presented as mean ± standard deviation for 27
measurements of each hydrogel. * represents significant
difference from mean of rheological testing (p<0.05).
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4. DISCUSSION
4.1 Sources of error
It must be noted that the values reported
in this study are subject to sources of error due
to the nature and process of nanoindentation.
The significant sources of error include:
1. Lack of accuracy in spring constant
value: The spring constant used in
calculating the elastic moduli was provided
through the manufacturer. However, the
values provided from manufactures have a
wide tolerance because of the difficulty in
manufacturing accuracy of the cantilever
geometry and thickness [11]. The range
provided for the DNP tip used was .06 to .24
N m-1, where the normal value of .12 was
used. This factor may have resulted in a lack
of accuracy in measuring the elastic moduli.
To increase the confidence in the results of
future studies, it would be important to
verify the spring constant using a method
such as measuring the thermal fluctuation of
the cantilever [2].
2. Accuracy of elastic moduli and tip
geometry: The calculation of the elastic
moduli relied on the half cone angle, using
the Sneddon mechanical model. Because of
the pyramidal shape of the tip used, the half
cone angle will inherently have errors.
Using equation 1, it was calculated that
altering the half cone angle by one degree
causes a ± 0.6-6 change in the elastic
moduli values. In addition, the calculations
assume that the tip geometry also is not
altered resulting from indentation testing.
However, previous experiments have
shown that the tip may become blunt or
altered from the sample [12]. These two
factors may also contribute to the
inaccuracy of the elastic moduli
calculations.
3. Improper
surface
detection
and
interaction: Testing in a hydrated system

can cause non-specific force interaction
leading to improper surface detection [4].
Previous studies conducted have shown that
there is a problem of zero-displacement
determination where a nanoindentation test
can occur below or above the hydrogel
surface, causing a large difference in elastic
moduli [10]. Through the protocol designed
in this experiment, the risk of improper
surface detection was decreased; however,
it could not be completely mitigated since
hydrogels require liquid testing. Therefore,
there remains a small level of risk, creating
the possibility for error or inaccuracy in the
force curves obtained.
4.2 Implications of findings
Creating a viable method for
determining elastic moduli of hydrogels also
provides a translational protocol for various soft
samples, which is important because of the
various challenges presented with testing of soft
samples [17]. Bulk scale measurements provide
some information about mechanical properties
of the sample, but lack in characterization at the
micro and nanoscale levels. This method is
especially important for understanding
anisotropic samples’ range of elastic moduli; it
provides the ability to separate mechanical
behavior [4]. The hydrogel samples studied in
this experiment, were further verified as
isotropic due to the insignificant differences
between individual elastic modulus values and
the mean of each hydrogel. Future testing of
hydrogels could include cells to study the effect
on the mechanical behavior at the nano and bulk
scales. In addition, methods to increase
accuracy of elastic moduli calculation
parameters are needed, including a model that
better fits the tip geometry. With the increased
elastic moduli accuracy and the protocol
designed in this study for improving the
nanoindentation for hydrogels, there are new
possibilities of highly tuning the mechanical
behavior to modulate desired cell responses.
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